Immobilized enzymes or nucleic acids are widely used to analyze association and dissociation reactions. A pseudo-rapid kinetic method for studying transcription was developed by using an immobilized template DNA packed in a minute column, in a micro-scale liquid chromatography system. This method, which has a dead-time of only several seconds, is quick enough to allow analysis of the release of product RNA in transcription by Escherichia coli RNA polymerase. The method could be applied to most enzymes that interact with DNA.
Tagging and fixing techniques are being increasingly used in molecular biology. They have been applied to the analysis of enzyme action on DNA immobilized on plastic beads (1), for example, in studies of transcription (2) (3) (4) . The bead methods usually involve centrifugation, and hence the resolution is at best on the order of a minute, limiting their application to rapid kinetics. This limitation may be partially overcome by using continuous flow, with the beads supported on a filter or in a column. However, a typical volume in molecular biological experiments is in the range of 10-100 µl, and most columns and fraction sizes are too large to adapt for such experiments. We describe here a rapid kinetic method using a column of 5 µl with the smallest available flow system (SMART System, Pharmacia, Upsala), and its application to transcription reactions.
A release of immature short transcripts, known as abortive synthesis, has been observed with many RNA polymerases, but studied in most detail for E.coli RNA polymerase (5, 6) . The abortive synthesis had been supposed to be a step preceding mature RNA synthesis, as sequential events (7, 8) . However, we have recently found evidence of a branched mechanism leading to irreversible trapping in the abortive cycle in vitro. This is shown by the presence of a class of transcription complexes synthesizing only abortive products, which we call 'moribund complexes' (9) . We have applied column transcription to the kinetic characterization of moribund complexes.
The DNA template used was 240 bp long, and harbored the λ P R promoter followed by an A-less leader sequence initiating with GUGUU CUCUG GCGGU UGUCU GGCUC GCCGC UUA--. This yields a 32 nucleotide (nt) stalled product in the absence of ATP. It was immobilized at 50 µg/ml bed volume of Eupergit 1µ bead (Rhöm, Darmstadt) by biotin-avidin binding (3, 9) . The immobilized DNA (0.2-0.6 pmol) was preincubated with RNA polymerase holoenzyme (1-3 pmol) in 0.1 ml of T buffer (50 mM Tris-HCl pH 7.9, 100 mM KCl, 10 mM MgCl 2 , 1 mM DTT and 0.3 mg/ml partially hydrolyzed casein), and then packed into the column with a 1 ml syringe. The column is an inverted prefilter unit of the SMART System with a channel partly enlarged using a drill bit of 1.5 mm φ to make a 5 µl chamber (Fig. 1 ). The whole system was thermostatted at 37_C by a homemade heating unit. Excess enzyme was first removed by flushing the column with 1 ml of T buffer. Transcription was started in the column by injecting T buffer containing 0.1 mM UTP, 0.1 mM CTP (Yamasa, Tokyo) and 5 µM of 60 Ci/mmol [γ-32 P]GTP (ICN) at a flow rate of 20 µl/min. The duration of the radiolabeling reaction was controlled by the volume of injected substrate solution, or, for >1 min, by interrupting the flow. After the labeling reaction, the column was eluted either with T buffer, or the same buffer containing 0.2 mM each of GTP, UTP and CTP (denoted as NTP hereafter). The eluate was collected in 60 µl fractions, and precipitated with 4 vol of ethanol in the presence of 0.3 M sodium acetate and 20 µg/ml glycogen (Böehringer Mannheim). Figure 2 shows the RNA profiles obtained from column transcription reactions. Figure 2A is a control chromatogram where 10 µl of free RNAs were injected into the column, and eluted with T buffer. The free RNAs were eluted mostly in fraction 1, together with unreacted [γ-32 P]GTP. This indicated that most of the transcripts released during the labeling reaction, mainly abortive transcripts, should be eluted in fraction 1. A flow rate faster than 20 µl/min was required for such a good resolution. The transcription (and elution, too) were carried out in the presence of 5 µM GTP, 0.1 mM UTP, 0.1 mM CTP and 40 mg/ml heparin. The amounts of sigma and alpha subunits (therefore sigma and core enzyme) in each fractions were quantitated by 8% polyacrylamide SDS gel electrophoresis and silver staining. The amounts of the released sigma and core enzyme were calculated as the running sums of the released proteins in the fractions. The amounts were plotted in a molar scale but the numbers are arbitrary.
Next, the labeling reaction was carried out in the column either for 30 s or 20 min, after which the transcripts were eluted with NTP for 30 min. The RNAs released during elution were collected in fractions 2-9 (Fig. 2B) . The RNAs still retained in the column at the end of the elution were extracted with 100% formamide, and collected into fraction 10.
There are common features in the elution profiles (like Fig. 2B ) for different times of the labeling reaction, although a comparison of absolute densities of bands between different experiments is not possible due to fluctuation in the amounts of resin packed in the column. The 32 nt transcripts synthesized were mostly retained in the column after elution (fraction 10); only a small fraction of them were released during elution (fractions 2-9), suggesting that the productive transcription complex is stable. Half (or more) of the transcripts shorter than 13 nt were released during elution (fractions 2-9). The distribution of released transcripts of 4-11 nt long (fraction 5, for example) was similar to that of abortive transcripts (fraction 1) as shown in Figure 2C . The time course of 9 nt transcript release followed a first order decay over 1-2 order magnitude with the rate constant of 0.4 min -1 (Fig. 2D) . These results show that certain transcription complexes releasing similar RNAs with similar rates existed both at 30 s and 20 min, and that they were likely to be identical to the complexes responsible for abortive synthesis. Therefore we conclude that the complexes specific for abortive synthesis, moribund complexes, are present at 30 s and 20 min. The gradual release in the presence of NTP is abortive release itself. A similar release was observed in the absence of substrates (Fig. 2D ). This suggests that abortive release is due to the intrinsic instability of the complexes and not to the effect of substrates.
Not only the RNA release but also a protein release can be measured. Figure 2E shows the subunit release during the labeling reaction. Sigma subunit was significantly released, but core enzyme was not, indicating little dissociation of core part during stalling at the +32 position and abortive cycle (7) .
